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Design and optimization of broadband wide-angle
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We propose a class of antireflecting structures that can effectively suppress reflections for binary diffractive
optics. In this structure, multiple periodic thin films with gradually varying refractive indices are used to
shift all reflected diffraction to the transmitted orders. The structure is optimized to operate over broad
bands and wide angles using rigorous coupled-wave analysis and genetic algorithms. We validated the struc-
ture numerically using finite-difference time-domain methods. The proposed structure may lead to more ef-
ficient diffractive devices for applications in thin-film photovoltaic, waveguide coupler, and holographic op-
tical elements. © 2010 Optical Society of America
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In recent years there has been significant interest in
the development of broadband, omnidirectional anti-
reflective (AR) surfaces by using structures with
gradually varying index of refraction. These struc-
tures employ a gradient index profile to suppress
Fresnel reflections that typically result owing to the
index mismatch between optical interfaces [1,2].
Such AR structures can be fabricated using litho-
graphically defined subwavelength nanostructures
[3,4], deposition of multilayer porous films [5,6],
plasma etching to form randomly positioned nano-
scale tips [7], and self-assembly of subwavelength
colloidal nanospheres [8]. All these methods can
achieve an effective index profile that is gradually
varying, effectively preventing losses from Fresnel
reflections.

Diffractive optics, such as gratings, Fresnel zone
plates, and holograms, also suffer losses from Fresnel
reflections as a result of index mismatch. These un-
wanted losses take the form of reflected diffraction
orders. Recent work by Elfström et al. has demon-
strated that placing an AR layer under a grating can
effectively reduce such reflections for a given wave-
length and a short range of angles [9]. In this Letter
we propose an alternative class of AR structures for
binary diffractive optics that consists of multilayer,
periodic gradient-index films. The proposed structure
is optimized and numerically demonstrated to sup-
press all reflected orders over broad bands and wide
angles. Such a structure can be fabricated by modify-
ing existing techniques developed for gradient-index
AR surfaces and may be useful for creating more ef-
ficient photovoltaic cells [10,11] and waveguide cou-
plers [12] based on diffractive optics.

The proposed AR structure for a binary grating is
depicted in Fig. 1(a). The rectangular grating with

period � and grating depth dg has multilayer peri-
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odic thin-film stacks on both the ridge and groove re-
gions, whose main functionality is to transfer all the
reflected energy to the transmitted orders. A more de-
tailed illustration of the AR structure is shown in Fig.
1(b), where the multilayer has N layers and the ith
layer has index ni and thickness di. The refractive in-
dices are chosen so that nair�ni�ns, and ni increases
gradually as i goes from 1 to N. The duty cycle of the
grating is given by g and the substrate index is ns. In
this stack configuration the periodic index modula-
tion in x increases gradually through each plane in z.
This effect is analogous to stratified AR surfaces, ex-
cept in our case the stratification follows the grating
surface profile.

To analyze the proposed AR structure we simulated
its diffraction efficiencies using rigorous coupled-
wave analysis (RCWA) [13,14]. The first structure
studied has �=2000 nm, dg=1000 nm, g=0.5, and a
substrate index of 1.8 chosen for a heavy glass mate-

Fig. 1. (Color online) (a) Schematic of the proposed AR
structure for a binary grating. (b) The structure consists of
multilayers of periodic thin films with gradually varying
refractive index on both the ridge and the groove of the

grating.
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rial. The incident light has �=633 nm and an inci-
dent angle of 0° and is TE polarized. The AR struc-
ture consists of N=7 layers, ni increasing linearly
from 1.1 to 1.7 (1.1, 1.2,…, 1.7), and constant thick-
ness do for each layer. The reflected and transmitted
diffraction efficiencies are simulated for varying do,
as shown in Fig. 2. The suppression of all reflected or-
ders is observed as do increases from 0 to 60 nm,
while the total reflection decreases from �8% for a
bare grating to �0.1% at do=60 nm. The transmitted
efficiencies are in turn enhanced, as the total trans-
mitted efficiency increases to near 100%. A similar ef-
fect can be seen for TM-polarized light, decreasing
the total reflection from �5% to �0.07%.

The total reflected efficiency can be further sup-
pressed by optimizing the thicknesses of each AR
layer using genetic algorithms. The fitness function
is chosen to have N thickness parameters in the
search space and is given by

f�di� = �
j

Rj�di�, �1�

where Rj is the diffraction efficiency of the jth re-
flected order calculated by RCWA and i=1 to N. Two
different index profiles, the linear and a quintic pro-
file [1,2] given by

ni = nair + �ns − nair��10� di

N + 1�
3

− 15� di

N + 1�
4

+ 6� di

N + 1�
5� , �2�

where i=1 to N, were used in our model. The dis-
cretized index profiles are adapted from AR surfaces
with continuous profiles [1,2]. The algorithm is run
with a population size of 20 for 500 generations, us-
ing the previously described optical configuration.

The optimized total reflection for both linear and
quintic index profiles are plotted with varying N,
shown in Fig. 3. For N=0, the case where no AR
structure is used, the total reflection is �8%, as illus-
trated in Fig. 2. For both profiles, the reflection is
suppressed dramatically as the number of layers in
the AR structure increases. The quintic profile is also
shown to have better AR performance, especially at

Fig. 2. (Color online) Simulated (a) reflected and (b) trans-
mitted diffraction efficiencies for varying individual film

thickness do in an N=7 AR structure.
higher N. These results demonstrate that a less-
complex AR structure with five layers is sufficient for
suppressing the total reflection by 4 orders of magni-
tude. For example, for the quintic profile with N=5
(ni=1.03, 1.17, 1.4, 1.63, and 1.77), the optimized
thicknesses d1 to d5 are 175.7, 154, 137.1, 104.5, and
59.2 nm, respectively, yielding a total reflection effi-
ciency of 9.5�10−6. To examine the design tolerance,
10% thickness error and 0.02 index offset are added
to all layers, and the total reflection increases to 5.7
�10−5. While roughly 5 times greater than the opti-
mized solution, the reflectivity is still significantly re-
duced.

We used finite-difference time-domain (FDTD)
methods to numerically validate the optimized AR
structure, illustrated in Fig. 4. Using a commercially
available FDTD package from Lumerical Solutions,
we propagate a short pulse ��4 fs� of a TE-polarized
plane wave with a center wavelength of �=633 nm
along the z direction at normal incidence. The color
scale denotes the normalized magnitude Ey captured
at the instant shortly after the light diffracts from a
binary grating without and with the optimized AR
structure, as shown in Figs. 4(a) (Media 1) and 4(b)
(Media 2), respectively. The AR structure is outlined,
using the optimized parameters for N=5 that were
obtained using genetic algorithms. Significant reflec-

Fig. 3. (Color online) Optimized total reflection for varying
the number of layers N in the AR structure.

Fig. 4. (Color online) Reflection of a normal incident plane
wave with �=633 nm from a binary diffraction grating (a)
without (Media 1) and (b) with (Media 2) the optimized AR
structure simulated using FDTD. The scale denotes nor-

malized Ey fields.
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tion from the grating can be observed for the case
without the AR structure. On the contrary, the reflec-
tion is suppressed in the case where the optimized
AR structure is used, and almost all of the light
propagates into the grating. The total reflection is re-
duced by roughly 4 orders of magnitude. Note that,
other than the reduced reflection, the field profiles
are nearly identical.

So far the design of the AR structure has been fo-
cused on monochromatic light at normal incidence,
but the proposed AR structure can also be used for
broad bands and large angles. The fitness function
used is

f�di� = �
l

�
k

�
j

Rjkl�di�, �3�

where �k=400 to 1000 nm at 100 nm step and �l=0
to 60° at 10° steps. For a quintic profile with N=5,
the optimized AR structure has thicknesses d1 to d5,
equal to 155.8, 127.8, 106.3, 90.5, 91.4 nm, respec-
tively.

The broadband effect of the AR structure can be ob-
served in Fig. 5(a), where the reflected efficiencies
are plotted for a grating with and without the AR
coating. The plots were simulated at normal inci-
dence. Both TE and TM polarizations show a reduc-
tion in total reflection by roughly 3 orders of magni-
tude for �=400–1000 nm. The angular dependence of
reflected efficiency is illustrated in Fig. 5(b) for inci-
dent wavelength �=633 nm. The AR structure is able

Fig. 5. (Color online) Simulated reflected diffraction effi-
ciencies using RCWA for the optimized broadband wide-
angle AR structure as functions of (a) wavelength for nor-
mal incidence and (b) incident angle for �=633 nm. Higher-
order diffraction efficiencies are not shown.
to reduce the total reflection to below 1% at angles as
large as 66° for both TE and TM polarizations, im-
provements of up to 3 orders of magnitude.

In our current design the AR structure consists of
multilayer films; however, it is also possible to imple-
ment subwavelength nanostructures to achieve the
same effect. From a fabrication perspective tapered
nanostructures may be more feasible, since film coat-
ing over topography can be problematic and thus lim-
ited to gratings with large periods. In either case, su-
perior diffractive performance can be achieved using
the proposed AR structure with fabrication processes
that are well understood.

This research was funded by the Singapore Na-
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